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Former extensive studies of superconductivity in the A3C60 compounds, where A is an alkali metal, have led
one to consider that Bardeen-Cooper-Schrieffer (BCS) electron-phonon pairing prevails in those compounds,
though the incidence of electronic Coulomb repulsion has been highly debated. The discovery of two isomeric
fulleride compounds Cs3C60 which exhibit a transition with pressure from a Mott insulator (MI) to a super-
conducting (SC) state clearly reopens that question. Using pressure (p) as a single control parameter of the
C60 balls lattice spacing, one can now study the progressive evolution of the SC properties when the electronic
correlations are increased towards the critical pressure pc of the Mott transition. We have used 13C and 133Cs
NMR measurements on the cubic phase A15-Cs3C60 just above pc = 5.0(3) kbar, where the SC transition tem-
perature Tc displays a dome shape with decreasing cell volume. From the T dependence below Tc of the nuclear
spin lattice relaxation rate (T1)−1 we determine the electronic excitations in the SC state, that is 2∆, the gap
value. The latter is found to be largely enhanced with respect to the BCS value established in the case of dense
A3C60 compounds. It even increases slightly with decreasing p towards pc, where Tc decreases on the SC dome,
so that 2∆/kBTc increases regularly upon approaching the Mott transition. These results bring clear evidence
that the increasing correlations near the Mott transition are not significantly detrimental to superconductivity.
They rather suggest that repulsive electron interactions might even reinforce elecron-phonon superconductivity,
being then partly responsible for the large Tc values, as proposed by theoretical models taking the electronic
correlations as a key ingredient.
PACS numbers: 74.70.Wz, 71.30.+h, 74.25nj
Since the BCS proposal it has always been clear that, in
order to drive a superconducting (SC) state, the attractive in-
teraction between electrons mediated by phonons must over-
come the Coulomb repulsion between the electrons. Con-
versely, if the repulsion is strong enough, as in the cuprate
high temperature superconductors (HTSC), it tends to local-
ize the electrons on atomic sites, leading to a Mott insulator
(MI) that may be magnetically ordered at low temperature.
In the cuprates the appearance of superconductivity is inves-
tigated by doping such a magnetic MI. Many other systems
(pnictides, heavy fermions) display phase diagrams in which
a metallic magnetic state is proximate to a SC state. It is now
recognized that AF fluctuations might sometimes mediate the
SC pairing in such systems, rather than electron-phonon cou-
pling. By contrast, the absence of nearby magnetic phases in
a SC family is often considered a sign of conventional super-
conductivity with negligible incidence of Coulomb repulsion.
This scenario has been initally applied to the HTSC alkali-
fulleride salts A3C60 discovered only a few years after the
cuprates [1]. However, the fact that AnC60 compounds with
even n = 2, 4 are nonmagnetic insulators has always sug-
gested that Coulomb repulsions are important in the fulleride
families. Furthermore the strength of electronic correlations
is in this case reinforced by Jahn-Teller distortions (JTD) of
the C60 ball, which localize the electrons on the balls in sin-
glet nonmagnetic (low-spin) states [2, 3]. A significant ef-
fort to determine whether A3C60 compounds could become
MI by increasing the separation between C60 balls has been
successful recently, thanks to the synthesis of the compound
with A=Cs, the alkali metal with the largest ionic radius [4–6].
This expanded fulleride Cs3C60 being highly compressible, it
has been possible to recover a SC state by application of pres-
sure, without charge modification, by analogy with the situa-
tion in layered organic compounds [7, 8]. The phase diagram
looks then very much like those of the other families of un-
conventional correlated electron superconductors. This opens
an original possibility to study the evolution from a MI to a
SC state in this three-dimensional compound.
As two isomeric phases of Cs3C60 could be synthesized,
the initial studies have been mostly focused on the differences
in their respective (T, p) phase diagrams and of their mag-
netic properties in the Mott state, in which similar dynamic
JTD have been detected [9]. But so far very little has been
achieved concerning the incidence of the growth of the elec-
tronic correlations on both the microscopic SC and metallic
properties when approaching the Mott transition.
We address this question here by the use of 13C and 133Cs
NMR, namely the spin lattice (T1)−1 measurements which
uniquely permit us to determine the SC gap magnitude [10]
through the pressure pc of the MI to SC transition. We first
confirm that the s-wave symmetry of the order parameter is
maintained, down to pc. We find evidence, however, that
near pc the SC gap does not follow the BCS weak coupling
scenario which appeared to prevail in dense fcc-A3C60 (e.g.
A=K, Rb) [10–12]. Also, at variance with the pseudogap
behaviour found in underdoped cuprates [13], the spin sus-
ceptibility exhibits a regular increase with correlations, up
to the Mott transition. All these features might be related
to a quite original SC pairing mechanism [14], local in na-
ture since mediated by on-ball optical phonon modes. Indeed,
a new paradigm for superconductivity in fullerides has been
conceived using dynamical mean field theory (DMFT) calcu-
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2FIG. 1. (a) The zero field T dependence of the resonance frequency
of the NMR coil monitors the growth of the SC diamagnetism with
increasing p. (b) The p variation of the low T diamagnetic signal
permits us to locate the Mott transition at pc = 5 ± 0.3 kbar. (c)
The Tc(p) phase diagram determined for this sample is completed
by higher p data taken on a former A15 phase sample [6].
lations which show that such a pairing scheme could in fact
be reinforced by electronic correlations: a SC state with an
enhanced Tc in the vicinity of the Mott transition has been
anticipated [14, 15].
Experimental techniques and sample characterization.
Improved synthesis techniques [16] allowed us to produce a
sample with an 85% ratio of A15/fcc phases (A15 73%, fcc
15%, bco 12%), much larger than that used previously [6]. A
large amount of this batch has been introduced in the NMR
coil in a glove box, and sealed there in a high pressure cell de-
signed for NMR experiments. The zero field variation of the
coil tuning frequency monitors the SC diamagnetic response
of the sample. The data of Fig.1(a) have been collected at
increasing p, in the same set up. The onset of superconduc-
tivity occurs quite sharply with increasing p, as monitored in
Fig.1(b). A full SC state is achieved above 5.9 kbar, while the
residual signal at 4.1 kbar is assigned to the small fcc phase
content which has a lower pcvalue. [6]. The large A15 frac-
tion in this sample allowed a more precise determination of the
Tc(p) phase diagram [Fig.1(c)] than in former reports [5, 6].
NMR spectra and SC state spin susceptibility near pc.
The 133Cs spectra of the A15 phase [17] were found identical
to those published formerly [6, 18]. More important for the
study of the SC state properties are the 13C spectra displayed
in Fig. 2(a), to be discussed below.
The NMR shift of a nuclear spin site is a tensor Kα [10]:
Kα = Kαs (T ) +K
α
orb +Kdia(T ). (1)
where α labels the orientation of the applied field H rela-
tive to the local crystallographic axis and Kdia is the inho-
mogeneous field reduction due to the vortices and macro-
scopic screening currents in the SC state. Here the Knight
shift Kαs = A
αχs(T ) probes the electronic spin susceptibil-
ity χs(T ), which vanishes at T = 0 for a singlet SC state.
FIG. 2. The 13C NMR spectra (measured at f0 = 82 MHz)
at p =5.8 kbar (a) exhibit anisotropic line shapes, which evolve
abruptly below Tc with a change of sign of the anisotropy Kax. The
fits of the spectra (dotted blue lines in (a), see [17]) are equivalently
good if Kax(T ) is governed by Yosida function with ∆/kBTc =
1.75 (dotted red line in (b)) or with ∆/kBTc = 2.2 (solid blue line
in (b)). In the latter case the imposed Kax(T ) (lozenges in (b)) is
compared to the data obtained for ∆Kiso (see text and [17]).
The usually T independent Kαorb, due to orbital currents asso-
ciated with filled electronic shells, is the unique contribution
to Kα in nonmetallic AnC60 compounds, such as pure C60
[19], Na2C60 or K4C60[20].
In powder samples the shift of the first moment of
the NMR spectrum is given by the isotropic component
Kiso = (1/3)
∑
Kα, while the spectral shape depends on
the anisotropic traceless contribution to Kα. The latter dom-
inates for 13C [6, 10] and yields the characteristic shape seen
above Tc = 30 K in Fig.2(a). In that case Kα is nearly axial
and a single component Kax is required to characterize the
spectral shape [17].
Spectra in the SC state could only be taken for p ≥ 5.8
kbar for which the sample displays bulk superconductivity be-
low Tc, without any leftover from the Mott state. For 13C one
can see in Fig.2(a) a fast variation of the spectrum shape be-
low Tc corresponding to a sign change of Kax. This is di-
rect evidence that χs(T ) drops down as expected for singlet
s-wave superconductivity, as Kaxorb [21] has an opposite sign
to the normal state value of Kax. Quantitative estimates of
χs(T ) were possible thanks to the excellent fits of the 13C
NMR spectra as shown in Fig.2(a). They permit us to ensure
the overall consistency with the expected variation ofKaxs (T )
for a BCS singlet state displayed in Fig.2(b). The accuracy on
Kaxs (T ) is, however, slightly hampered [17] as one needs to
consider the spectrum broadening induced by Kdia, which in-
creases progressively below Tc, as seen in Fig.2(a).
An independent determination of χs(T ) is available from
the 13C and 133Cs isotropic shifts Kiso, which display a sig-
nificant decrease below Tc, as reported in [6] and in [17].
The fields induced by the screening currents being indepen-
dent on the nuclear probe, Kdia is eliminated in ∆Kiso ≡133
Kiso−13Kiso, which therefore reflects the variation of χs(T )
3FIG. 3. (a) The behaviour of 133 T1−1 in A15-Cs3C60 below Tc
would correspond to a power law exponent Tn with n ≥ 7(solid
line) or to the exponential fits with ∆/kBTc = 2.95 (5.8 kbar) and
2.43 (11 kbar). The index n in T1n stands for the value taken at Tc.
(b) The corresponding 13T1 data (plotted in a logarithmic scale) also
fit this activated behaviour, with similar gap values (∆/kBTc = 2.7
at 5.8 kbar and 2.2 at 11 kbar). Data obtained in Rb3C60 [24] and
Rb2CsC60 [10] as well as the BCS slope (∆/kBTc = 1.75) are
shown for comparison.
below Tc.
In Fig. 2(b) we show ∆Kiso [22] scaled to permit the best
fit with Kax(T ). We adapted the ∆Kiso scale to attempt
fits with either the solid and dotted curves. We found that
the sharp drop of ∆Kiso seen just below Tc is better repro-
duced by scaling the experimental points with the larger SC
gap. Though this is not a fully secured conclusion this sug-
gests that the drop of χs(T ) might be sharper than the pure
BCS function as in strong coupling superconductors.
SC gap from spin lattice relaxation data. T1 measure-
ments were conducted to better evaluate the SC gap. For both
13C and 133Cs, the recoveries of the nuclear magnetization are
not exponential due to a weak distribution of relaxation rates,
similar to that found for the 13C NMR in K3C60 [23]. This
permits us to determine an upper limit for (T1)−1 [17], which
can be seen to drop sharply in Fig. 3(a), of about a factor 30
at ∼ Tc/2. The data in Fig. 3(a) follow the expected low-T
variation for a full s-wave gap 2∆:
T−11 ∝ (T1T )−1n exp(−∆/kBT ). (2)
where (T1T )n is the normal state value (approximately con-
stant above Tc). We therefore conclude that nodeless su-
perconductivity common to the dense fcc-A3C60 systems
still persists near pc. Both fits in Fig. 3(a) correspond to
∆/kBTc ≥ 2.5, quite larger than the BCS value of 1.75. Note
that the lower T data unambiguously correspond to longer T1
values than expected for the BCS gap: as discussed in [17]
this cannot be explained by any experimental artifact or sam-
ple deficiencies.
We illustrate in Fig.3(b) that similar values for ∆ are found
for 13C NMR. There we also show for comparison the T1 data
reported for the dense fcc alkali fullerides (Rb2CsC60 [10]
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FIG. 4. (a) The SC gap parameter ∆ deduced from T1 data of Fig.3
increases regularly with VC60, while Tc goes through the SC dome
(full line). The Tc variation for the dense fcc A3C60 compounds as
determined from NMR [10, 24] is shown in the dashed line. (b,c)
Normal state (T = Tc) values of (b) the 13C and 133Cs (T1T )−1
and of (c) the 13C anisotropic Knight shift Kaxs . In (b) the empty
circles also show high p 13C data from [25]. The dotted line in (c)
corresponds to the variation of the ESR susceptibility (see text). The
corresponding data for other compounds are from [10, 24].
and Rb3C60 [24]), for which Tc are similar. The results are
summarized in Fig.4(a), where ∆ is plotted versus VC60 , the
volume per C60 ball, so as to compare its variation with de-
creasing interball distance to that obtained for Tc. There one
can see that the gap increases continuously with lattice expan-
sion at variance with Tc which goes through a maximum. The
ratio ∆/kBTc decreases progressively when p > pc and ap-
proaches the BCS value of 1.75 only beyond the SC dome.
The fast drop of (T1T )−1 below Tc also points towards a dis-
appearance at pc of the Hebel-Slichter coherence peak [17],
seen in the dense A3C60 compounds [10–12].
Normal state spin susceptibility and T1 data. 13C
anisotropic shift data permit us to probe the variation of the
normal state χs versus p upon approaching pc. We ob-
tain 13Kaxs by fitting the spectrum above Tc with K
ax
orb =
−120 ppm [21]. We report in Fig.4(c) a small decrease of
13Kaxs (Tc), that is of χs(Tc), from p = 5.8 to 11 kbar. There,
the data for 13Kaxs in Rb3C60, Rb2CsC60 and K3C60 have
been estimated from 13C spectra taken below 80K [10, 19, 26]
for which rotation motions of the C60 balls are frozen and do
not induce any line narrowing [26]. Such comparison is valid
as the 13C hyperfine coupling is defined by the C60 molecular
properties independent of the compound. Finally, in Fig.4(c),
the ESR measurements of χs [27] (dotted line, arbitrary units)
give us as well an independent determination of the trend ex-
pected for the dense A3C60.
The observed regular increase of Kaxs versus VC60 when
4approaching the Mott transition contrasts with the well-
established case of cuprates, for which the occurrence of a
pseudogap results in a large decrease of χs with underdoping
[13]. Therefore a pseudogap cannot be anticipated to occur in
A15-Cs3C60.
We discuss now the pressure dependence of R ≡ (T1T )−1
in the normal state just above Tc. The data versus VC60 are
summarized in Fig.4(b) for 13C and 133Cs. The variation of
13R [25] parallels that for χs, and corresponds to a progres-
sive increase from the smooth variation known for the other
fcc-A3C60 compounds [28]. For 133Cs the relative increase
of 133R for decreasing p is somewhat smaller than for 13C.
Indeed 133R/13R increases regularly from∼ 0.75 in the Mott
state at 1 bar [18, 25] to ∼ 1.4 at 5.9 kbar and ∼ 2 at 11 kbar.
The NMR relaxation rate 1/T1 probes the wave vec-
tor q dependent dynamic spin susceptibilities χ(q, ω) ac-
cording to the well-known Moriya relation (T1T )−1 ∝∑
qAhf(q)
2Imχ(q, ω). There the location of the probe nu-
cleus with respect to the magnetic sites determines the q de-
pendence of Ahf(q). The latter is q independent for the
13C spins, which probe the on-ball spin fluctuations, while
133Ahf(q) is reduced at the AF wave vector for the 133Cs spin,
coupled to its neighbouring C60. The progressive decrease of
133R/13R with decreasing p through the Mott transition thus
appears associated with a moderate increase of AF fluctua-
tions. The larger increase of 13R with VC60 indicates that both
the AF fluctuations and the mass enhancement or increase of
density of states (DOS), responsible for the increase of χs, do
contribute to the dynamic spin susceptibility.
Discussion. These experimental results permit us to ad-
dress for the first time experimentally the interplay between
electron phonon coupling and electronic correlations in a
clean case. In a BCS formalism Tc would be given by
kBTc = 1.14~ωD exp (−1/λ), (3)
where λ = V ρ(EF ), V being the electron-phonon coupling
and ρ(EF ) the DOS at the Fermi level. The monotonic varia-
tion of Tc versus VC60 (or lattice constant) found initially for
the dense fcc-A3C60 compounds has been used at length in the
past to indicate that the BCS formalism applies. This enforced
the idea that the Debye frequency ωD and the electron-phonon
coupling V depend solely on C60 molecular properties, so that
a smooth variation of ρ(EF ) with VC60 drives both variations
of Tc and (13T1T )−1 [1]. Here Tc goes through a maximum
versus VC60 , while (
13T1T )
−1 steadily increases, which is in-
dicative of a breakdown of Eq. (3).
The fast drop of χs(T ) and (T1T )−1 for T < Tc that
we found first reveals that the Hebel-Slichter coherence peak
which is detected for denseA3C60 is suppressed near the Mott
transition [17]. Such a suppression is expected in the case of
strong electron-phonon coupling. But an increase near pc of
this coupling cannot be expected, since it is a molecular quan-
tity independent of the proximity to the Mott state. This de-
parture from weak coupling BCS, together with the increase
of ∆/kBTc with decreasing p that we evidenced, should defi-
nitely be associated with the growth of Coulomb correlations
and the expected loss of quasiparticle weight near pc [15, 29].
The Coulomb repulsion is usually partly taken into ac-
count in the BCS formalism by assuming that the strength
of the effective attractive coupling λ gets decreased by a pa-
rameter µ∗ [30]. An increase of µ∗ cannot explain a reduc-
tion of Tc near the Mott transition as it would necessarily
drive the system back towards weak coupling. On the other
hand the increase of ∆/kBTc is also found in strong-coupling
BCS extensions where quasiparticle states are renormalized
by electron-phonon coupling [30]. Here, the observed in-
crease of both ∆ and χs(Tc) when p decreases allows to think
that the modification of quasiparticle states affected by the in-
crease of electronic correlations near the Mott transition is im-
portant for the appearance of superconductivity and the varia-
tion of Tc.
Such a possibility is apparently supported by the recent cal-
culations by Capone et al. [15] who used DMFT to study
the interplay between Coulomb correlations and the attrac-
tive on-ball coupling. As these authors point out, the ef-
fective coupling near the Mott transition is governed by the
interaction-renormalized bandwidth which vanishes at pc and
therefore any BCS-like approach breaks down. This also re-
sults in a large enhancement of Tc as compared to that solely
expected from the bare electron-phonon coupling and Eq.(3),
so that electronic correlations would help the SC state rather
than suppress it. If such a scenario holds here, supercon-
ductivity might rather bear resemblance to local-singlet pair-
ing schemes developed for narrow-band superconductors [31],
where a Tc dome is also anticipated [32]. Note that the DMFT
calculation of Capone et al. also allows for a dome-shaped be-
haviour of the gap amplitude very close to the MI. The present
experimental results should definitely help to give some clue
as to the relevance of such an approach if refined computations
of the gap, of Tc and of the static and dynamic susceptibilities
can be performed.
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